Abstract. Soil respiration was measured on rusty soil in a dry forest near Łódź. A two-year series of soil respiration measurements was divided into characteristic sub-periods, and the relationship between soil CO 2 emissions to selected aspects of climatic conditions was examined. The temperature dependence of soil CO 2 fluxes is linear from March to June and exponential during the period of June to March. Dividing the year into a phase of growth and a phase of decline and modelling soil respiration for each of these sub-periods separately does not significantly improve the accuracy of the model. Research shows that soil respiration responds with a delay of three days to changes in temperature and relative humidity, but with a 17-day delay to changes in precipitation.
Introduction
In modelling the process of soil respiration (soil CO 2 emissions), it is almost universally accepted that an exponential equation best describes the dependence between the amount of soil CO 2 emissions and temperature (of soil and air) (Borken et al., 1999; Rochette et al., 1999; Kutsch et al., 2001; Tang et al. 2003 Tang et al. , 2005 Zhaofu et al. 2005) . In addition to temperature, soil respiration models also take into account moisture levels (amount of moisture in the soil or amount of precipitation) (Savage, Davidson 2003; Tufekcioglu, Kucuk 2004; Tang et al. 2005) . The formulas for calculating soil CO 2 emissions vary among different authors, but these two characteristics are repeatedly found in almost all models. If they relate to an entire year, very good results are achieved.
Sometimes other factors are also taken into account, such as carbon content (Kutsch et al. 2001; Rodeghiero and Cascatti 2005) , maximum leaf area index (Doran et al. 1990; Reichstein et al., 2003) , pH (Reth et al. 2004 ), type of land use (Ardo, Olsson 2003) , etc.
Meanwhile, more accurate analyses of changes in soil CO 2 emissions under different conditions show that a single formula is insufficient to describe soil respiration for shorter periods of time. For example, Updegraff et al. (1998) (in a laboratory experiment) obtained different regression equations of respiration on temperature with an identical change in temperature depending on whether first generating an increase (from 6° C to 30° C), and then a drop (from 30° C to 6° C), or vice versa. In turn, Moore (1989) noted that in analysing the influence of the depth of groundwater on soil respiration, historical changes in this determinant should also be taken into account because the amount of CO 2 emissions differed at the same depth depending on whether the soil had been saturated with water and then dried, or whether the moisture content of the soil was increasing.
Another phenomenon worth examining is to determine the speed with which soil respiration responds to changes. Factors affecting the size of the population of soil microorganisms, mainly responsible for soil CO 2 emissions, i.e., temperature and moisture, are taken into account in soil respiration models, but a response in the size of this population to changes in these parameters may be delayed to a certain degree. So far, this issue has been studied by Wroński (2013 Wroński ( , 2014 over an entire year, and Wroński and Okupny (2012) during the period of respiration growth in spring.
The purpose of this article was to investigate: 1) the form of the dependence between soil respiration and temperature (linear or exponential) for specific phases of change in soil respiration during the year, 2) whether the 'response'of soil respiration to changes in air temperature, relative humidity and amount of precipitation is immediate or delayed, 3) whether dividing the entire period of soil respiration change into subperiods and modeling soil respiration for each of these subperiods increases the quality of the generated series of theoretical values of respiration.
Methodology
Measurements of soil CO 2 emissions were carried out using a closed chamber, which was 23 × 23 cm in size at a height of 6 cm. The lower part of the chamber was a steel frame driven into the ground, the upper part was a Plexiglas cloche. Placed inside was an Airtech vento carbon dioxide meter, manufactured by Gazex, which used the NDIR (Non-Dispersive Infrared) method, allowing CO 2 measurements to be taken at two points in time: 5 minutes and 10 minutes after closing the chamber. The difference in concentrations between the later and the earlier readings was converted to the volume of emitted CO 2 at a given time using the following formula: CO 2 emissions were measured at irregular intervals, not longer than seven days, depending on changes in the weather. The measurements were started in March 2010 and ended in March 2012. To determine whether intact or poorly distributed needles and leaves lying on the soil surface affect CO 2 emissions, measurements were carried out at two types of sites: soil from which all leaf litter was removed and soil on which the litter was left in place.
Measurement sites were located in a planted pine forest, which can be classified as dry pine habitat. The area is located east of the Olechów district and south of the village of Nery (52º44'36" N, 19º34'57" E, 223 m asl) within the administrative boundaries of Łódź. It is a region where three Wartanian glacial lobes met (Turkowska 2006) . The water which flowed from these lobes carried a large amount of fluvioglacial sediments to the area (Klatkowa 1972; Trzmiel, Nowacki 1985 , 1987 , forming, therefore, favorable conditions for the emergence of a very acidic rusty soil profile (H 2 O pH= 4.0, KCl pH=3.5) with a mor type of humus. Sand fraction dominates throughout the soil profile, and texture class of its upper section-the part of soil most affecting the amount of respiration, is loamy sands. In the statistical analyses, two aspects of the relationship between air temperature and respiration were considered: (1) the result of short-term changes, and (2) the result of seasonal variation.
In the first case, the linear correlation coefficients between filtered series of soil respiration and air temperature were calculated. Filtration was based on subtracting moving average values from the observed values. The occurrence of a delayed reaction in soil respiration in response to changes in air temperature was also tested by calculating the correlation between the filtered series of respiration and filtered series of average temperature of 1, 2, 3, ..., 10 days. The average temperature values were calculated so that the last day of a series was the day of measuring soil respiration, i.e., the calculation of a three-day average temperature included the day of the respiration measurement and the preceding two days.
In the second case (seasonal variation), the correlation was calculated between (1) the temperature of the number of days for which the strongest correlation was observed with short term variability, and (2) soil respiration and the natural logarithm of soil respiration. On the basis of the correlation coefficient calculated in such a manner, I determined whether the relationship between the variables was linear or exponential for the considered periods. During seasonal variation, the reaction time of soil respiration to temperature change was not tested, because the properties of the correlation coefficient are such that when the curves of temperature and respiration do not exactly agree, a higher correlation is attained when the temperature curve is smoother (that is, the correlation values increase when number of days taken into account in moving average temperature increase regardless of the nature of the relationship). It was assumed a priori that in the case of seasonal variation, the strongest relationship to CO 2 emission occurs for the average air temperature of the same number of days as in the case of short-term variation.
For periods in which a significant correlation between respiration and temperature was observed, the strength of the dependence and the size of the delayed reaction of soil respiration to changes in relative humidity and amount of rainfall were measured. This was done by calculating the linear correlation coefficient between the residuals of the soil respiration model based on temperature values (i.e., the observed variance between soil respiration and the soil respiration model, resulting from the distribution of temperatures), and, respectively: the relative humidity of the atmosphere (the daily average and the average of 2, 3 , ..., 10 days) and amount of precipitation (daily and the average value of 2, 3, ..., 20 days). If, however, the relationship between soil respiration and temperature was exponential, the correlation with the relative humidity of the atmosphere or amount of precipitation was calculated for the residuals from the model of the natural logarithm (ln) of respiration, and not from the model of respiration.
The respiration model was developed using as the independent variables of temperature and the parameter of humidity (relative humidity of the atmosphere or amount of precipitation) which have the stronger correlation to soil respiration (more precisely, to deviations of actual respiration from theoretical respiration resulting from the distribution of temperatures). The value of the delay in the response of soil respiration to changes in these climatic elements was also taken into account. If during the given period, the relationship of soil respiration to temperature was linear, estimates were made using the multiple regression. However, if this relationship was exponential, the quasi-Newton method of estimation was used to determine the model.
Results
Four distinct periods were revealed by the graphed course of soil respiration (Fig. 1) . Period A is a time of increasing CO 2 emissions. It usually begins about March 10, after the snow cover melts. It lasts until the end of May or beginning of June, when period B begins with a significant decrease in soil respiration. In period B, the high temperatures should stimulate soil CO 2 emissions but light rains usually occur, reducing soil respiration (Wroński 2013) . Period C begins in July. Initially, the value of CO 2 emissions is very high, but over time, it systematically declines. The only exception is when tree leaves and needles are falling on the soil surface and begin to intensively decay, which causes respiration to rise again. Period D was distinguished due to the presence of snow cover (although snowless sub-periods can also occur during this time).
The correlation analysis of short-term changes (Table 1) showed that the strongest relationships to soil respiration usually occur with average daily temperature or average air temperatures of three days. For periods A and D, soil respiration was most strongly correlated with average 3-day temperatures; for periods B and A+B -with the average daily temperature; whereas at other times: for sites without leaf litter -with average 3-day temperature; while at sites with leaf litter -with average daily temperature.
It is worth noting that the observed correlations were relatively strong during periods of increasing respiration (period A) and stagnation of emitted CO 2 amounts (period B), but weak at times of decreasing soil respiration (periods C and D).
It is surprising that for the entire first year of the study (period A+B+C+D), temperature was more strongly correlated with soil respiration than the natural logarithm ln of respiration (Table 2) , which is evidence of a linear type of relationship between these variables rather than exponential, as presumed by most authors. This result may have been the effect of the relatively low rainfall in the early summer of 2010, which is the time when soil respiration reaches its highest levels. A smaller amount of water may have reduced soil CO 2 emissions when temperatures were at their highest, which modified the shape of the relationship. In the first year of the study, correlation coefficients with soil respiration (indicating a linear regression) had the greatest advantage over the correlation coefficients of the natural logarithm ln of soil respiration (indicating an exponential dependence) for periods A and A+B -which are times of increasing soil respiration. During periods of decline (periods C, D, B+C), the value of both types of correlation coefficients was similar. The aforementioned sparse rainfall at the beginning of that summer may have affected the higher correlation with soil respiration compared to the correlation with the natural logarithm ln for respiration during periods C+D and B+C+D.
In the second year of the study, values of the two types of correlation coefficients were similar for periods A, B, A+B. On the other hand, a clear exponential dependence was found between soil respiration and temperature for periods C, D, and especially C+D and B+C+D.
Over the whole period under discussion, a linear type of relationship was evident for periods A and A+B (when respiration increased), but it was exponential for periods C, D, B+C, C+D, and B+C+D (times of decreasing respi- Figure 1 ration). Both types of correlation coefficient were similar during period B. Because the correlation with temperature was most often not statistically significant for periods B and D, I examined whether another climatic factor may have had a stronger effect on the amount of soil respiration in these periods (B and D). The analysis was performed in the same manner as was done to determine the dependence between respiration and temperature. However, both atmospheric relative humidity (Table 3) , and the amount of precipitation (Table 4) , had a not significant effect on the short-term variability of soil respiration. In the case of seasonal variation (Table 5) , a significant correlation in both years was found only for relative humidity (9-day average), but at correlation coefficient values of 0.50-0.70 describe only 0.25-0.49% of the variability of soil respiration and this was not suitable to CO 2 emission model.
Given this situation, the most reasonable solution for the purpose of modelling was to divide the entire period of respiration variance into two sub-periods: A and B+C+D or A+B and C+D (Fig. 2) . Because higher correlation coefficients were obtained for the first of these possibilities (Table 2) , it was used in later stages of the work. I checked whether distinguishing period A, which Figure 1 has a linear increase of CO 2 with temperature, and period B+C+D, when CO 2 respiration decreases exponentially, improves the quality of the soil respiration models in relationship to time. It should be noted, however, that the potential model could provide better results if a satisfactory formula for the calculation of soil respiration in winter could be found in the future. However, most likely it will take into account neither weather conditions nor even the physical processes of the soil, but its biological processes. The research of Zimov et al. (1993) found that the high variability of CO 2 flow in this period is accompanied by relatively stable physical parameters. Figure 2 shows how changes occur in the relationship of soil respiration to average 3-day temperatures over a year, divided into these three periods (A, B+C and D). While respiration increases quite rapidly with increasing temperatures in period A, the decrease in respiration during period B+C is gradual, especially in late autumn. It is impossible, therefore, to formulate a single equation to calculate the amount of CO 2 emissions based on temperature, but the configurations of this variable over time result in a graph presenting a quasi-hysteresis loop.
Air temperature served as the basis for the model. In addition to temperature, the most important factor affecting the amount of soil respiration is moisture, which is why the model was supplemented with the relative humidity of the atmosphere or the amount of precipitation. An approximately 3-day delay was confirmed in the response of soil respiration to changes in relative humidity (in both periods A and B+C+D, as well as in the entire year) ( Table 6 ). The delay is greater in the relationship of soil respiration to level of precipitation, usually ranging approximately 17-18 days in periods B+C+D and the entire year. In the second year of the study, soil respiration reacted more quickly in period A, amounting to 7-8 days (Table 7) .
It was also noted that soil respiration (more precisely, the deviations of soil respiration from theoretical respiration, resulting from the temperature distribution) had a stronger relationship to the amount of precipitation than to the relative humidity of the atmosphere. An exception Figure 1 to this rule was noted for period A only in the first year of the study. As a result of the above analysis, the average temperature of 3 days and the average precipitation of 17 days were adopted as the independent variables for the model. Although a better fit was obtained with average daily temperature and average precipitation of 5, 7, 8, 18 days in some periods, the differences in the strength of the correlation with soil respiration (or with the deviations of soil respiration from theoretical respiration resulting from the temperature distribution in the case of amount of precipitation) are not large. It was therefore accepted that for period A, the relationship of soil respiration to temperature is described by a linear equation, while in period B+C+D, by exponential equation. In both sub-periods, it was accepted that high precipitation limits CO 2 emissions, so for period A, the equation describing respiration is: R = a+bT+cW+dW 2 while for period B+C+D, it is:
where: R -the theoretical respirations of the soil for the given day, T -average temperature of 3 days, W -average precipitation of 17 days, a, b, c, d, f -empirical coefficients. It is assumed that period A starts on March 11 and ends on June 10, while period B+C+D begins on June 11 and ends on 10 March. Such a proposed model was compared with a model for the entire study period, which took into account the exponential form of the dependence between CO 2 emissions and temperature, as well as the limiting effect of high precipitation on soil respiration. This model takes the following form:
Dividing the whole period of soil respiration variability by the time of its growth (period A) and decrease (period B+C+D) in modelling the process of soil respiration improved the accuracy of the theoretical values of respiration to some extent. This is especially evident for values from May and early June (Fig. 3) . However, the standard error of the estimate and the coefficients of determination R 2 for both considered models are almost identical (Table  8 , Fig. 4 ). This means that including the different shapes of the dependence of CO 2 emission amounts in periods A and B+C+D does not significantly improve the quality of the respiration model, so the use of a single formula for the entire period of variability provides satisfactory results. Table 6 . Correlation coefficients between (1) average relative humidity of 1 day. 2 days. …. 10 days and (2) 
Discussion
Soil respiration, like any other phenomenon in nature, defies attempts to be described with simple mathematical formulas. However, mathematical modelling makes it easier to predict changes in soil CO 2 emissions, thus increasing the need to improve these models.
Exceptions to the exponential shape of the relationship between soil respiration and temperature has been observed, among others, by Rodeghiero and Cascatti (2005) .
According to these authors, soil respiration is lower at the highest temperatures than would be expected from the exponential equation due to the decrease in humidity at high temperatures. Chapman and Thurlow (1996) , Fang and Moncrieff (2001) and Falge et al. (2002) believe that the relationship between soil respiration and temperature is best described by the Arrhenius equation. On the other hand, Tufekcioglu and Kucuk (2004) treat this as a rectilinear relationship. I believe that the dependence of soil respiration to air temperature is fairly well described by the exponential equation in the period of decreasing respiration (from June to March) and by the linear equation when respiration is increasing (March to June). Parkin and Kaspar (2003) noted a similar shape to the course of CO 2 soil emissions and the phenomenon of hysteresis, but in a diurnal cycle. When the temperature rose between 6:00 and 12:00, soil respiration increased very quickly, stabilizing at approx. 13:00 despite further increases in temperature, and the exponential shape of the relationship between soil CO 2 emissions and temperature occurred only as respiration decreased. My research also indicated that soil respiration is best correlated with temperature when it is increasing. Slightly different results were obtained by Moncrieff and Fang (1999) , who state that the reaction of soil respiration to changes in temperature is certainly highest in summer, but soil CO 2 emissions are more strongly determined by temperature in spring than in autumn.
The problem of soil respiration response time to changes in temperature and relative humidity has hardly been studied thus far. This should probably be explained by the fact that it takes a certain amount of time for the population of soil microbes to change due to reaction to improving or deteriorating environmental conditions. The three day delay observed in this study corresponds to the 2-8 day periodicity in the amount of CO 2 emissions found in the tundra (Zimov et al. 1993) , which was also associated with the life cycle of microorganisms.
In the case of the relationship of soil respiration to amount of precipitation, a 17-18 day delay is most likely due to the shape of these averages, which fairly well describes the changes in soil moisture directly affecting the number of soil microorganisms.
So far, no attempt has been made to model soil respiration by dividing the period of variability in the amount of CO 2 emissions into sub-periods. Attempts to do so in this study did not improve the model significantly, despite providing a better representation of the course of soil respiration in May and early June. Another problem is finding the right formula for the calculation of soil respiration in winter. Most researchers omit this period, beginning their studies in spring and ending in autumn. The use of the exponential model for the entire period of soil respiration variation may be useful for estimating the amount of CO 2 emitted in an entire the year, but it does not reflect the dynamics of the changes, because the period of winter is considered separately. Figure 1 .
Conclusions
The following conclusions can be made from the study presented in this paper:
1. Between approx. March 10 to approx. June 10, soil respiration increases linearly as temperature increases.
2. When respiration decreases (from approx. June 10 to approx. March 10), the relationship of soil respiration to air temperature takes the shape of an exponential curve.
3. Soil respiration responds with a delay of approx. 3 days to temperature changes and relative humidity, and with a delay of approx. 17 days to changes in amount of precipitation.
4. Dividing the period of soil respiration variation into a period of increasing respiration and a period of decreasing respiration, as well as modelling soil respiration for each of these periods alone does not significantly improve the quality of the generated series of theoretical values of respiration.
The research carried out by the author also shows that there is very little knowledge available about the determinants of soil respiration in winter. Future research should focus also on this issue. 
